The equilibrium structure and potential energy surface of beryllium dihydride BeH 2 in its ground electronic state have been determined from highly accurate ab initio calculations. The vibration-rotation energy levels of three isotopomers BeH 2 , BeD 2 , and BeHD were predicted using the variational method. The calculated spectroscopic constants are in remarkably good agreement with the existing experimental data ͑sub-cm −1 accuracy͒ and should be useful in a further analysis of high-resolution vibration-rotation spectra of all three isotopomers.
I. INTRODUCTION
Beryllium dihydride BeH 2 was first detected in its molecular form by Tague and Andrews 1 using low-resolution infrared spectroscopy and the matrix isolation technique. The infrared spectra of three isotopomers BeH 2 , BeD 2 , and BeHD were observed in solid argon at 10 K. The absorption bands at 2159.1 and 697.9 cm −1 were assigned as the 3 ͑antisymmetric BeH stretching͒ and 2 ͑HBeH bending͒ fundamentals of the linear BeH 2 molecule. The 1 ͑symmetric BeH stretching͒ vibrational mode is infrared inactive. For the BeHD isotopomer, all three fundamentals were observed at 2088.3 ͑BeH stretching͒, 1524.9 ͑BeD stretching͒, and 622.0 ͑HBeD bending͒ cm −1 . The high-resolution infrared emission spectra of the BeH 2 and BeD 2 molecules in the gas phase were recently observed by Shayesteh et al. 2 The 3 fundamental band and several hot bands involving all three vibrational modes of BeH 2 and BeD 2 were analyzed, yielding accurate values of some spectroscopic constants. In particular, the 3 fundamental was determined to be 2178.8659 and 1689.6788 cm −1 for BeH 2 and BeD 2 , respectively. The equilibrium BeH bond length was derived to be 1.326 407 Å.
Theoretical studies on beryllium dihydride have been more numerous ͑see Ref. 3 and references therein͒. However, those studies were performed primarily in the context of perpendicular insertion of a Be atom into a H 2 molecule and focused on the performance of various theoretical models for describing an avoided crossing of potential energy surfaces. The accurate quartic force field of the BeH 2 molecule was predicted by Martin and Lee 4 using the coupled-cluster method CCSD͑T͒ in conjunction with an atomic-naturalorbital ͑ANO͒ basis set of triple-zeta quality. The BeH 2 molecule was found to be linear at equilibrium, with the BeH bond length r e of 1.3324 Å. The 3 , 2 , and 1 fundamentals were predicted to be 2167.2, 717.7, and 1979.6 cm −1 , respectively. Hrenar et al. 5 calculated potential energy surfaces of the alkaline-earth metal hydrides ͑BeH 2 , MgH 2 , CaH 2 ͒ applying a multilevel scheme ͓one dimensional ͑1D͒: CCSD͑T͒, two dimensional ͑2D͒: MP4͑SDQ͒, three dimensional ͑3D͒: MP2͔ in conjunction with a correlationconsistent basis set of triple-zeta quality ͑cc-pCVTZ͒. Using the vibrational self-consistent field/configuration-interaction ͑VSCF/VCI͒ approach, these authors predicted the fundamentals of BeH 2 to be 2157.8, 705.2, and 1987.0 cm −1 , respectively.
In this study, we present an accurate characterization of the potential energy surface and vibration-rotation energy levels of beryllium dihydride. The molecular parameters are determined here by the ab initio approach using highly correlated wave functions calculated with large correlationconsistent spdfghi basis sets and taking into account coreelectron correlation, high-order valence-electron correlation, scalar relativistic effects, and the breakdown of the BornOppenheimer approximation via the diagonal correction.
II. METHOD OF CALCULATION
The molecular parameters of beryllium dihydride were calculated using the coupled-cluster method including single and double excitations and a perturbational correction due to connected triple excitations ͓CCSD͑T͔͒.
6-9 The one-particle basis sets employed were the correlation-consistent polarized valence basis sets of triple-through sextuple-zeta quality, cc-pVTZ through cc-pV6Z. [10] [11] [12] The largest basis set consisted of a ͑16s9p5d4f3g2h1i͒ / ͓7s6p5d4f3g2h1i͔ set for beryllium and a ͑10s5p4d3f2g1h͒ / ͓6s5p4d3f2g1h͔ set for hydrogen. Only the spherical harmonic components of the d through i polarization functions were used. In the correlation treatment, the 1s-like core orbital of the beryllium atom was excluded from the active space unless otherwise noted. The calculations were performed using the MOLPRO-2002 package of ab initio programs. 13 The core-related correlation effects were investigated using the correlation-consistent core-valence basis sets cc-pCVnZ. 12 Basis sets of triple-to quintuple-zeta quality were employed. The cc-pCVnZ basis sets were obtained by augmenting the standard cc-pVnZ basis sets with shells of tight functions. The largest basis set applied, cc-pCV5Z, was obtained by augmenting the cc-pV5Z basis set for beryllium with a ͑4s4p3d2f1g͒ set.
The vibration-rotation energy levels were calculated variationally using the six-dimensional Hamiltonian of a triatomic molecule developed by Carter and Handy.
14-17 The Hamiltonian consists of an exact representation of the kinetic energy operator and a representation of the potential energy operator in terms of valence curvilinear coordinates. Vibrational basis set functions were formed as products of the contracted two-dimensional stretching functions and onedimensional bending functions. For each value of the rotational quantum number J, the secular matrix was constructed using the vibrational expansion functions and the rotational symmetric-top functions. The matrix elements were evaluated by numerical quadrature. The secular matrix was then diagonalized to obtain the vibration-rotation energy levels. The number of contracted two-dimensional stretching functions was 42 and the number of contracted bending functions was 26, leading to a total of 1092 vibrational basis functions for each symmetry block. This size of the basis set ensured the convergence in the energy to better than 10 −6 cm −1 for the vibration-rotation energy levels of interest. The energy levels were calculated using nuclear masses ͑see discussion below͒.
III. RESULTS AND DISCUSSION
The equilibrium molecular parameters computed for the ground electronic state of beryllium dihydride are listed in Table I . As in previous theoretical studies, the BeH 2 molecule is predicted to be linear at equilibrium, the electronic state being X 1 ⌺ g + . To allow the one-particle basis set to adjust to a negative charge on the hydrogen atoms, we investigated the effects of diffuse functions. Additional calculations were performed with the augmented correlation-consistent basis sets aug-cc-pVnZ for hydrogen, 18 and the results are also listed in Table I . For the cc-pV6Z basis set, changes in the molecular parameters are negligibly small, amounting to just 0.000 06 Å for the BeH bond length and 0.044 mE h for the total energy. The equilibrium BeH bond length and total energy tend to converge to well-defined asymptotic limits with enlargement of the one-particle basis set. The accuracy of the results obtained can be estimated by applying various extrapolation schemes. 11, [19] [20] [21] Extension from the cc-pV6Z to cc-pV7Z basis set would lower the total energy by Ϸ0.1 mE h . The total energy at the complete-basis-set ͑CBS͒ limit is estimated using the exponential, 19 exponential/Gaussian, 11 The core-related effects were computed as differences between the molecular parameters determined in calculations correlating only the valence electrons ͑V͒ and those where all of the electrons were correlated ͑A͒, both calculations performed with the same one-particle core-valence basis set. The results obtained with the cc-pCVTZ through cc-pCV5Z basis sets are given in Table II . As in the case of valenceelectron correlation, the differences A − V in the equilibrium BeH bond length and total energy tend to converge to welldefined asymptotic limits with enlargement of the oneparticle basis set. Extension from the cc-pCV5Z to a ccpCV6Z basis set is estimated to increase ͑in the absolute value͒ the core-core and core-valence energies by Ϸ0.3 mE h . The change in the A − V difference for the equilibrium BeH bond length beyond the cc-pCV5Z basis set is estimated to be smaller than 0.0002 Å.
To estimate the effects of valence-electron correlation beyond the CCSD͑T͒ approach, full-configurationinteraction 22 ͑FCI͒ calculations were performed in conjunction with the cc-pVTZ and cc-pVQZ basis sets. The results are listed in Table III . The high-order valence correlation effects appeared to be small. In comparison to the CCSD͑T͒ results given in Table I , the FCI total energy of BeH 2 is lower by −0.185 and −0.180 mE h for the cc-pVTZ and ccpVQZ basis sets, respectively. The FCI equilibrium BeH bond length is predicted to be longer than the corresponding CCSD͑T͒ parameter by just 0.000 15 and 0.000 14 Å, respectively. Scalar relativistic effects were investigated using the Douglas-Kroll one-electron Hamiltonian. 23 The equilibrium molecular parameters of BeH 2 were determined using the CCSD͑T͒ method in conjunction with correlation-consistent basis sets of quintuple-zeta quality recontracted for relativistic calculations, cc-pV5Z-DK. 24 Inclusion of the scalar relativistic effects lowers the total energy of BeH 2 by about −2.6 mE h . However, it has a very small effect on the equilibrium BeH bond length of −0.000 10 Å in comparison to the nonrelativistic calculation with the same basis set.
The best estimate of the equilibrium BeH bond length for BeH 2 can be determined by adding the changes due to the core-related correlation, high-order valence correlation, and relativistic effects to the CCSD͑T͒ value determined with the largest valence basis set. The molecular parameter is estimated in this way to be r e ͑BeH͒ = 1.3263 Å. Considering convergence of the calculated values with the one-particle basis set size, the predicted equilibrium BeH bond length is believed to be accurate to ±0.0002 Å. The predicted equilibrium BeH bond length coincides to within its error bars with the experimental value of 1.326 407 Å. 2 To determine the shape of the potential energy surface of beryllium dihydride, CCSD͑T͒ total energies were calculated at 215 symmetry unique points in the vicinity of the equilibrium configuration. The BeH bond lengths were sampled in the range of 1.0-2.0 Å, and the HBeH valence angle was in the range of 180°-90°. The computed energies ranged thus to approximately 11 000 cm −1 above the minimum and the chosen points were far from the saddle point for the Be+ H 2 insertion reaction. 3 To investigate the effect of the oneparticle basis set size, the calculations were performed with the cc-pVTZ through cc-pV6Z basis sets. The resulting potential energy surfaces were then approximated by a threedimensional expansion along the internal valence coordinates. The internal coordinates for the BeH stretching modes were chosen as Simons-Parr-Finlan coordinates. 25 For the HBeH bending mode, a curvilinear displacement coordinate was used, 26 defined as the supplement of the HBeH valence angle measured from a linear equilibrium configuration. The coordinates for the BeH stretching modes are referred to as q 1 and q 2 , whereas that for the HBeH bending mode as . Thus, the potential energy surface of beryllium dihydride can be written as the polynomial expansion
where V e is the total energy at the linear equilibrium configuration of the BeH 2 molecule and the index k takes only even values. The expansion coefficients c ijk were determined from a least-squares fit of Eq. ͑1͒ to the computed total energies, and 22 coefficients appeared to be statistically significant. For each CCSD͑T͒ / cc-pVnZ potential energy surface, the optimized values of the expansion coefficients are listed in Table IV . Only the coefficients that are not equivalent by symmetry are quoted. The root-mean-square deviations of the fits were about 2 E h ͑0.4 cm −1 ͒. The determined anharmonic force fields were used to calculate the vibration-rotation energy levels of the main BeH 2 isotopomer, and these were characterized by various spectroscopic constants. Predicted values of the fundamental wave numbers i ͑i =1-3͒, effective ground-state rotational B 000 and centrifugal distortion D 000 , vibration-rotation ␣ i , and l-type doubling q 010 constants are listed in Table V . The fundamental wave number i is defined here as the separation of the lowest excited and ground vibration-rotation en- 010 for the e and f parity levels of the first excited 2 state. As with the molecular parameters of BeH 2 discussed above, the predicted spectroscopic constants tend to converge to well-defined asymptotic limits with enlargement of the one-particle basis set. At the CCSD͑T͒/cc-pV6Z level of theory, the fundamental wave numbers of BeH 2 are converged to better than 0.2 cm −1 , whereas the rotationrelated constants are converged to four significant digits.
The final Born-Oppenheimer CCSD͑T͒ potential energy surface of beryllium dihydride was calculated at the same set of 215 points using the cc-pV6Z and aug-cc-pV6Z basis sets for beryllium and hydrogen, respectively. Optimized values of the expansion coefficients c ijk are listed in Table VI in the column headed V. This potential energy surface was then corrected gradually for core-related correlation ͑C͒, higherorder valence correlation ͑F͒, and relativistic ͑R͒ effects. For the C corrections, the total energy of BeH 2 was calculated at the CCSD͑T͒/cc-pCV5Z level at the same points, correlating either only valence or all of the electrons. At each point, a difference between these total energies was calculated and added to the valence-only total energy computed with the cc-pV6Z/aug-cc-pV6Z basis set. The additional F corrections were determined in a similar way as differences in the total energy calculated using the FCI and CCSD͑T͒ methods, both in conjunction with the cc-pVTZ basis set. The additional R corrections were determined as differences in the total energy calculated using either the Douglas-Kroll or nonrelativistic Hamiltonian at the CCSD͑T͒/cc-pV5Z-DK level. Optimized values of the expansion coefficients c ijk are also listed in Table VI in the columns headed V + C, V + C + F, and V + C + F + R. Our best anharmonic force field V + C + F + R of Table VI was used to calculate the vibration-rotation energy levels of BeH 2 and two other isotopomers, namely, BeD 2 and BeHD. To account for adiabatic effects in all three isotopomers, the Born-Oppenheimer diagonal correction 27, 28 ͑BODC͒ was calculated using the single-reference configuration-interaction ͑CISD͒ method with the cc-pCVTZ ͑aug-cc-pVTZ on H͒ basis set and correlating all electrons. The BODC term calculated in this manner amounts to 339, 268, and 303 cm for BeH 2 , BeD 2 , and BeHD, respectively ͑determined at the experimental equilibrium geometry using nuclear masses͒. The Hartree-Fock BODC value for BeH 2 was smaller by 21 cm −1 , while a full-valence complete-active-space configuration-interaction ͑CASSCF/MRCI͒ calculation increased the BODC over the CISD value by just slightly more than 1 cm −1 . The BODC corrections to the total energy were calculated at the same set of 215 points and were subsequently added to the V + C + F + R total energies described above. The mass-dependent anharmonic force fields of both symmetric isotopomers are given in Table VIII. For the BeH 2 and BeD 2 isotopomers, the resulting minimum-energy BeH and BeD bond lengths are predicted to be longer than the Born-Oppenheimer equilibrium bond length r e by 0.000 31 and 0.000 17 Å, respectively. Table IX lists the low-lying J = l 2 vibration-rotation energy levels of the BeH 2 , BeD 2 , and BeHD isotopomers calculated for J =0-4 using the mass-dependent anharmonic force fields. 29 A comparison of the predicted and observed 2 spectroscopic constants of all three isotopomers of beryllium dihydride is given in Table X . To address the question of nuclear versus atomic masses, 30,31 the vibration-rotation energy levels and consequently the spectroscopic constants were also calculated using atomic masses. For both BeH 2 and BeD 2 , the experimental 3 fundamental wave number 2 is reproduced to better than 1 cm −1 regardless of the choice of masses. The fundamental wave numbers predicted using nuclear masses, however, are closer to the experimental values than those predicted using atomic masses. Comparison of the BeH 2 fundamentals in Table IX to the V + C + F + R entries in Table VII For the main BeH 2 isotopomer, the effective groundstate rotational constant B 000 is predicted using nuclear masses to be 0.002 67 cm −1 ͑80 MHz͒ larger than the experimental value. 2 However, using atomic masses, this difference is by an order of magnitude smaller, amounting to just 0.000 13 cm −1 ͑4 MHz͒. For the BeD 2 isotopomer, the difference between the predicted and experimental 2 B 000 values is 0.000 16 cm −1 ͑5 MHz͒ and −0.000 49 cm −1 ͑−15 MHz͒ using nuclear and atomic masses, respectively. The vibration-rotation constants ␣ i and l-type doubling constant q 010 are all slightly better reproduced using atomic rather than nuclear masses. The experimental 2 values of these con- stants are reproduced to about 10 −4 and 10 −5 cm −1 for BeH 2 and BeD 2 , respectively. The use of atomic masses instead of nuclear ones appears then to be better for predicting the rotation-related spectroscopic constants and it seems to compensate 30, 31 for neglected nonadiabatic effects. On the other hand, varying the predicted equilibrium BeH bond length ͑1.3263 Å͒ within its estimated error bars ͑±0.0002 Å͒ results in a change of the B 000 value of ϯ0.0014 cm −1 ͑42 MHz͒ for the BeH 2 isotopomer. The difference between the predicted and experimental B 000 values is thus consistent with the estimated error bars of r e ͑BeH͒ for beryllium dihydride.
The vibrational energy levels of beryllium dihydride can be characterized by the harmonic frequencies i and anharmonicity constants x ij . The values predicted for the three isotopomers are listed in Table XI . These were determined from nine low-energy vibrational energy levels with l 2 =0, including the fundamental, first overtone, and combination levels. The harmonic frequencies derived from the experimental data 2 are reproduced to within 0.5 cm −1 , whereas the anharmonicity constants are reproduced by the order of magnitude better. Note that the ⌬l 2 = ± 2 resonance between the 2 energy levels 2 is not explicitly considered here. Therefore, the predicted vibrational constants related to the 2 mode may differ slightly from the experimental "unperturbed" values.
In conclusion, the potential energy surface of beryllium dihydride was calculated to high precision, and the predicted spectroscopic constants of the BeH 2 and BeD 2 isotopomers were found to be in remarkably good agreement ͑sub-cm −1 accuracy͒ with the results of recent gas-phase infrared emission experiments. 2 Further tests of the accuracy of the present surfaces, whose only remaining deficiencies can be attributed mainly to neglected nonadiabatic effects, will have to await future high-resolution spectroscopy experiments. We hope that the theoretical results reported in this study will stimulate further experimental work on beryllium dihydride and will be useful in an analysis of high-resolution vibrationrotation spectra of the three isotopomers, particularly BeHD.
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